fter catheter ablation in patients with manifest
were introduced into the right femoral vein and advanced to the high right atrium, right atrioventricular junction, right ventricular apex (RVA), and the coronary sinus, respectively. The 12-lead surface ECG and bipolar intracardiac ECGs were recorded and stored digitally (Bard LabSystem EP Laboratory, Lowsell, MA, USA) for retrospective study. After the electrophysiological characteristics of the AP were determined, radiofrequency catheter ablation was performed using a 7-Fr steerable, quadripolar electrode catheter with a 4-mm tip electrode (Stinger, C.R. Bard, Inc), which was introduced percutaneously via the right femoral vein or artery and advanced to the tricuspid or mitral ring, respectively. The location of the fusion of atrial and ventricular electrical activity was mapped as the ablation site. A temperaturecontrolled radiofrequency ablation unit (EPT-1000TC; EP Technologies, Mountain View, CA, USA) was used with the ablation temperature set at 60°C and duration at 60 s. The endpoint of ablation was defined as the absence of anterograde and retrograde AP conduction, as confirmed by the electrophysiological study.
Induced Short-Term CM
Before catheter ablation, the QRS polarity in each surface ECG lead was determined as positive, negative or positive/negative according to the morphology of the QRS. Immediately after catheter ablation, the 12-lead ECG was recorded as the post-ablation ECG. The QRS polarity, characteristics of the T-waves and QT interval in each lead were analyzed. Results of a previous study had shown that short-term CM could be induced by 20-min of pacing from the right ventricle (RV). 13 In order to create a positive polarity of the QRS complex in surface leads II, III and aVF during RV pacing to counteract the negative T-wave polarity induced by long-term CM, the RVA catheter was repositioned at the right ventricular outlet tract (RVOT) area. Sustained pacing with rectangular pulses of 2-ms duration at 2-fold the diastolic threshold from the RVOT was intro- 
B-AB P-AB B-AB P-AB B-AB P-AB B-AB P-AB B-AB P-AB B-AB P-AB
Abbreviations as in Table 1 .
duced. The pacing cycle length was set at 400 ms and the absence of a sinus capture beat was confirmed. Immediately after RVOT pacing for 20 min, the 12-lead ECG was recorded and referred to as the post-pacing ECG. At 1 week after the ablation procedure, another 12-lead ECG was obtained and was referred to as the recovery ECG.
Measurement of T-Wave Area and QT Interval
For quantification of CM, both the T-wave area and maximal corrected QT interval (QTc) were measured on the (1) post-ablation, (2) post-pacing and (3) recovery ECGs. The T-wave area was defined as the area surrounded by the T-wave and the line between the J point and the end of the T-wave (J-T line). The value of the T-wave area above the J-T line was defined as positive and below the J-T line as negative (Fig 1) . Representative 12-lead ECG recordings from among the post-ablation, post-pacing and recovery ECGs were saved to a personal computer. The T-wave area, QT intervals and RR intervals were measured by software (Image Tool version 2.0; UTHSCSA, San Antonio, TX, USA) using a caliber on the computer. The mean T-wave area, QT interval and RR interval were obtained by measuring the T-wave areas, QT intervals and RR intervals of 3 consecutive sinus beats in each lead.
Definitions
The recovery ECG was defined as the "baseline" ECG and the expression of long-term CM was defined as the difference in the mean T-wave area between the post-ablation and recovery ECGs in each lead; that is, the mean T-wave area of the post-ablation ECG minus that of the recovery ECG. A positive value indicated that the T-wave area became less positive or more negative in the recovery ECG compared with the post-ablation ECG. The effects of shortterm CM on the expression of long-term CM were defined as the difference in the mean T-wave area between the post-pacing and post-ablation ECGs in each lead; that is, the mean T-wave area of the post-pacing ECG minus that of the post-ablation ECG. A positive value indicated that the T-wave area became less negative or more positive after short-term pacing. The maximal QTc was calculated by the Bazett method.
Statistical Analysis
All data were analyzed using SPSS version 11.0 (SPSS Inc, Chicago, IL, USA). Results are presented as mean ± SEM. Comparisons of mean T-wave area and maximal QTc in each lead were made using the Wilcoxon test. A p-value of less than 0.05 was considered statistically significant. 
Results
All patients had successful catheter ablation and AP conduction was completely abolished without complications. Five patients had a right posterior AP, 3 had a right posterior septal AP, 1 had a right lateral AP and 2 had a left posterior AP. The mean heart rate after catheter ablation was not significantly different from that immediately after RVOT pacing (72±6 vs 74±8 beats/min; p>0.05). Tables 1  and 2 show the location of the AP and changes in QRS polarity in each lead after AP ablation. Tables 3 and 4 demonstrate the mean T-wave areas in the post-ablation and recovery ECGs, and the expression of long-term CM in each lead in all 11 patients. The T-wave areas of the post-ablation ECGs were significantly different from those of the recovery ECGs in each lead in all patients because of partial recovery from long-term CM (Figs 2B,E). Immediately after catheter ablation, the T-wave areas were dominantly negative in leads III, aVR, aVF, and dominantly positive in leads I, aVL and V2-6, whereas those in leads II and V1 were in between. In comparison with the post-ablation ECGs, the mean value of the T-wave areas of the recovery ECGs in leads II and aVF changed dramatically from negative to positive, reflecting a statistically significant increase (p<0.01), whereas that in lead III became significantly less negative (p<0.01) (Fig 3) . In addition, the mean value of the T-wave areas of the recovery ECGs in leads I, aVL, V2-4 became significantly less positive when compared with the post-ablation ECGs (p<0.05) (Fig 3) . The T-wave changes between the post-ablation and recovery ECGs indicated that long-term CM was expressed after catheter ablation and that the significant changes in the Twaves of each ECG lead at 1 week of catheter ablation was because of the gradual loss of long-term CM. As demonstrated in Tables 3 and 4 , the quantitative expression of long-term CM can be calculated as the T-wave areas of {(P-AB) -(RC)}.
Expression of Long-Term CM

Effect of Short-Term CM on Expression of Long-Term CM
As demonstrated in Tables 5 and 6 , the T-wave areas of the post-pacing ECGs in each lead were significantly different from those of the post-ablation ECGs in all patients because of the effect of short-term CM induced by pacing from RVOT (Figs 2C,D) . Compared with the post-ablation ECGs, the mean value of the T-wave areas of the postpacing ECGs in lead II changed dramatically from negative to positive, reflecting a statistically significant increase, whereas those in leads III and aVF became significantly less negative (p<0.01) (Fig 4) . The mean value of the T-wave area of the post-pacing ECGs in leads I, aVL, V2-4 were all significantly less positive than those of the post-ablation ECGs (p<0.05) (Fig 4) . As demonstrated in Tables 5 and 6 , the quantitative expression of the effect of short-term CM Expression of long-term cardiac memory. Compared with the post-ablation ECG (P-AB), the mean value of the T-wave areas of the recovery ECGs (RC) in leads II and aVF changed dramatically from negative to positive while that in lead III became significantly less negative. In addition, the mean value of the T-wave areas of RC in leads I, aVL, V2-4 became significantly less positive when compared with those of P-AB. *p<0.05 compared with P-AB. Error bars are mean ± SEM. 
Table 5 T-Wave Areas of the Post-Ablation and Post-Pacing ECGs, and the ESCM in the Limb Leads
Case no. I (mm 2 ) I I (mm 2 ) III (mm 2 ) a V R (mm 2 ) a V L (mm 2 ) P-AB P-PA ESCM P-AB P-PA ESCM P-AB P-PA ESCM P-AB P-PA ESCM P-AB P-
P-AB P-PA ESCM P-AB P-PA ESCM P-AB P-PA ESCM P-AB P-PA ESCM P-AB P-PA
T-Wave Area (mm 2 )
P-AB P-PA on long-term CM can be calculated as the T-wave areas of {(P-PA) -(P-AB)}. Of note, all the effects of short-term CM induced by 20 min of RVOT pacing on the expression of long-term CM were absent and the post-ablation ECG pattern resumed within 30 min.
Changes of QTc in Short-and Long-Term CM
The mean maximal QTc in the post-ablation, post-pacing and recovery ECGs was 0.47±0.01, 0.44±0.01 and 0.45± 0.01 s, respectively. The QTc in post-ablation ECG was significantly longer than in either the post-pacing or recovery ECGs (p=0.03 and 0.02 respectively). The QTc in the postpacing ECG was not significantly different from that in the recovery ECG (p=0.37) (Fig 5) .
Discussion
Major Findings
In patients with WPW syndrome, long-term CM expressed as changes in the T-wave area and prolongation of the QTc can be demonstrated after catheter ablation of AP conduction. Short-term CM induced by pacing from the RVOT can counteract the expression of long-term CM by decreasing the degree of the negative T-wave area in leads II, III, aVF and shortening of the QTc.
Interaction of Long-and Short-Term CM
Although CM has been well studied in animal models, the mechanisms of short-and long-term CM in humans is still uncertain. In a canine study, the protein inhibitor cycloheximide markedly attenuated the evolution of CM induced by 3 weeks of ventricular pacing and this was referred to as long-term CM. 16 Four-aminopyridine can alter the T-wave changes that persist after a short period of ventricular pacing, and this is referred to as short-term CM in the canine heart. 13 The ICaL blocker can suppress the CM induced by both short-and long-term ventricular pacing. 17 Angiotensin-converting enzyme inhibitors and angiotensin-II receptor blockers reportedly suppressed short-term rather than long-term CM in a canine study. 17, 18 Recently, Janse et al reported that the apicobasal gradients in repolarization are important in the genesis of the T-wave and that CM may induce a more rapid phase 3 of the action potential. 15 The results from these animal studies suggest that the mechanism of CM is a complex process involving ion-channel changes, gap junction changes and signal transduction changes in mRNA and protein synthesis, and that the mechanisms of short-and long-term CM might differ. 19 In humans, the changes in the T-wave in patients with manifest WPW syndrome after catheter ablation of AP conduction are typical presentations of long-term CM. 2 These changes can persist for a few weeks after catheter ablation and in each lead are associated with the location of the AP. 2 In the present study, we selected patients with WPW syndrome whose APs were located close to the posterior and septal wall so that markedly negative T-waves in leads II, III, and aVF after catheter ablation of AP conduction would be obtained.
Previous studies had demonstrated that the polarity of the T-wave changes present in short-term CM correlate with the polarity of the QRS complex induced by RV pacing. 5 In the present study, in order to induce short-term CM, we selected the RV pacing site at the RVOT, which would produce a positive polarity of the QRS complex during ventricular pacing and induce positive T-wave changes (ie, short-term CM) in leads II, III and aVF. Of note, the results from our study clearly demonstrate that the positive T-wave changes induced by short-term CM can temporarily counteract the expression of long-term CM by decreasing the degree of negative T-waves in leads II, III and aVF. Another interesting finding is that the positive T-waves present in leads I, aVL and V2-4 after catheter ablation were significantly attenuated after 20 min of RVOT pacing. The reason for this attenuation in the T-wave areas was the negative QRS complex in leads I, aVL and V2-4 during RVOT pacing, which produced short-term CM with negative Twave effect and decreased the amplitude and area of the previous positive T-waves. As mentioned earlier, mechanisms involving the expression of short-and long-term CM are complex and it is even more difficult to evaluate the exact mechanisms involved in human CM. However, the present results demonstrate that there is an interaction between short-and long-term CM and further studies are needed to evaluate the mechanisms.
Changes of QTc in CM
In an animal study, Plotnikov et al demonstrated that the QT interval was prolonged by a long period of 21 days' pacing; however, only minimal prolongation of the QT interval was induced by short period of 20 min of pacing from the LV. 20 In the present study, immediately after catheter ablation, the QTc was significantly longer than after either RVOT pacing or in the recovery ECGs. This prolongation of the QTc can be explained by the effects of long-term CM induced by ventricular preexcitation. The long-lasting abnormal ventricular activation sequence caused by preexcitation may induce a ventricular gradient and the dispersion of ventricular repolarization may be increased immediately after catheter ablation, which results in an altered ventricular activation sequence. 21 In the recovery ECG, the QTc was significantly shortened because of gradual loss of the effect of long-term CM. In addition, after pacing from the RVOT for 20 min, the QTc of long-term CM was also significantly shortened, which suggests that short-term CM not only can induce shortening of the QTc but also can counteract the prolongation of the QTc caused by long-term CM. Whether the dynamic changes in the QTc interval during the evolution of CM are the genesis of ventricular arrhythmogenicity needs further study.
Clinical Implications
Nonspecific ST-T wave and dynamic QT interval changes are common and complicated ECG presentations. In addition to the conventional factors that have been reported to cause these changes, the effects of long-and short-term CM and their interaction are possible new explanations. Whether the CM expressed as dynamic QT interval changes is a possible explanation of the ventricular arrhythmia and sudden cardiac death that occur in patients with WPW syndrome needs further investigation.
Study Limitations
First, the number of study patients was limited. However, the effect of short-term CM on long-term CM was consistent in leads II, III, and aVF in all patients. Second, longterm CM usually persisted for a few weeks after catheter ablation. The ECG obtained at 1 week after catheter ablation was not the true "baseline" ECG. Therefore, we could not demonstrate the true expression of long-term CM. Third, short-term CM was induced by pacing from RVOT in all patients but one, in whom short-term CM was induced by pacing from the RVA. Whether the pacing from other sites in the RV would result in the same effects on longterm CM requires further evaluation.
Conclusions
Long-term CM can be demonstrated in patients with manifest WPW syndrome immediately after catheter ablation of AP conduction. Short-term CM induced by a short period of pacing from the RVOT is able to interfere with the expression of long-term CM, resulting in dramatic T-wave changes and QTc changes. These results indicate that the expression of long-term CM is affected by shortterm CM.
